Positron emission tomography (PET) provides in vivo measurement of a wide variety of functional parameters on a regional basis in the human brain, including local hemodynamics, metabolism, phar macokinetics, tissue pH, and the distribution of chemotherapeutic agents (Raichle, 1983; Yama moto et aI., 1984; Phelps et aI., 1982) . However, PET images are limited in their ability to yield ac curate anatomical information because of poor spa tial resolution compared with anatomical tomog raphy (computerized tomography [CT] and mag netic resonance imaging [MRI] ) , because of poor over long periods and introduces a standardization of analysis technique. In 25 brain structures, the mean coef ficient of variation in cerebral glucose utilization rate (CMRGlc) measurements among five neuroanatomically trained observers was reduced from 8.1 % for manual re gion of interest definition to 4.0% using the template ap proach with MRI. Te mplate analysis for space-occupying lesions such as tumors or infarcts is illustrated with PET data from a stroke study, emphasizing the facility for rapid, reproducible analysis of multifunctional studies. MRI-PET matching for a structurally intact caudate nu cleus having reduced CMRGlc in Huntington's disease emphasizes the accuracy of anatomical localization re quired to quantify small structures.
counting statistics, and often because the distribu tion of the radiolabel does not adequately reflect underlying anatomical variation. This latter limita tion may be due to the relatively uniform distribu tion of the functional parameter in brain, such as for tissue pH (Kearfott et aI., 1983) , oxygen extrac tion fraction (Frackowiak et aI., 1980) , blood brain barrier integrity using Ga-68 or Rb-82 (Jarden et aI., 1985) , and water partition coefficient (Huang et aI., 1983) , or because of a lack of differential uptake be tween normal brain and pathological tissue, such as may occur in low-grade tumors. Fox et ai. (1985) developed a method for defining a stereotactic co ordinate frame that identified the three-dimensional (3D) coordinates of various structures on a PET image without the need for direct anatomical infor mation from a separate MRIICT study. That method is not applicable to pathological cases that involve gross distortion of normal brain morphom etry, such as in studies of infarcted brain and tumors. We have developed an alternative method that is of general utility in PET analysis and that allows anatomical information from the MRI scan of each subject to be incorporated into the analysis in a routine and reproducible fashion.
The method is based on the use of MRI image data, obtained at the same levels as the PET data, in combination with a procedure for the definition, storage, and recall of anatomically based regions of interest. An atlas of standard regions of interest, defined for a set of parallel anatomical planes, is provided as a starting point for the description of a region of interest template for each slice from the current subject. After selecting the region of in terest plane or planes that best correspond to the current slice, the user may apply a variety of scaling, rotation, or translation operations to obtain a best fit to the MRI image. Individual regions of interest may be moved, deleted, or redrawn as needed to obtain a complete fit. Finally, free re gions may be defined to encompass various patho logical structures.
Once defined, the region of interest templates may be used repeatedly with a series of functional maps from the same subject as well as with serial image data obtained from dynamic studies. This is particularly useful for analyzing PET images with limited anatomical information such as pH or cere bral blood volume (CB V) images. The ability to store the region of interest templates ensures repro ducibility of analysis over long periods and intro duces a standardization of analysis technique that reduces interobserver variability and facilitates the exchange of data among centers. The use of a stan dardized set of regions of interest also provides a natural link between image analysis and the statis tical manipulation of large bodies of patient data, reducing the need for manual entry and classifica tion of data.
METHODOLOGY Scanning Procedures

PET
All PET studies were carried out on the Thera scan 3128, a three-slice scanner with a resolution of 12 x 12 x 11-12 mm (Cooke et ai., 1984) and an inters lice separation of 12 mm. Image reconstruc tion was performed with corrections for random events (using detector singles rate data), detector deadtime, detector efficiency variation, and attenu ation (threshold projection method; Bergstrom et ai., 1982) and for scattered events by a deconvolu tion procedure similar to that of Bergstrom et ai. (1983) . The quantitative recovery of the system has been validated over the range of contrasts and count rates encountered in typical scanning situa-J Cereb Blood Flow Metab, Vol, 8, No.4, 1988 tions (Cooke and Evans, 1983) . For glucose utiliza tion studies, we used the F-18 FDG method (Phelps et aI., 1979; Reivich et aI., 1979) and for oxygen studies the equilibrium 0-15 02-C02-CO procedure (Frackowiak et aI., 1980; Lammertsma et aI., 1983) .
MRI
All MRI studies were performed on a Philips Gyroscan 1.5 Te sla superconducting magnet system. Sets of adjacent slices were obtained with an axial thickness of 6 mm. Subsequent processing within the region of interest analysis program al lowed the addition of adjacent slices to obtain 12-mm-thick MRI slices. MRI data were stored as 256 x 256 images with I-mm-square pixels and an effective pixel-limited transverse resolution of 2 mm. A spin-echo sequence was used with a repe tition rate (TR) of 400 ms and an echo time(TE) of 30 ms. This mode of operation enhanced the brain ventricle contrast to facilitate axial localization.
Co mputer systems
All images were analyzed on a micro VAX-II using a Lexidata 3700 display processor with two dimensional (2D) input from an attached tablet. MRI images were initially stored on a VAX-ll/730 and transferred over an Ethernet communication line. Image conversion routines transformed the MRI data into PET image format suitable for input to the region of interest analysis programs. The 256 x 256 MRI images were stored as pseudo-PET files with 1-mm-square pixels while the PET data were stored in 12 8 x 12 8 format as 2-mm-square pixels. For analysis, the PET images were expanded by pixel copying to 256 x 256 format so as to preserve the spatial information of the MRI image.
Normal volunteers
To test the alignment procedure and to provide a database of MRI-PET correlated images for the generation of a region of interest atlas, three normal volunteers were scanned on the PET scanner using the FDG method (Phelps et aI., 1979; Reivich et ai., 1979) . After a 40-min equilibration period, six three-slice scans were collected at interleaved posi tions, generating 18 PET slices separated by 6-mm each with an axial resolution of 11-12 mm. The same planes were then scanned on the MRI system using the MRI-PET -compatible head-holder de scribed below. Using the region of interest atlas de scribed below, region of interest templates were constructed for each MRI plane in each subject. For comparative purposes, templates were also de fined for the PET images alone, without recourse to the MRI information. Regional glucose utilization values were then obtained for all templates.
Head alignment
We employed fi noninvasive form of immobiliza tion using a fast-hardening foam mold that provided a customized headholder for each subject (Kearfott et aI., 1984) . The foam expanded around the head inside a styrofoam form that was mounted within a plexiglass hemicylinder (Fig. 1) and took approxi mately 15 min to set. Once hardened, the foam mold effectively bound the patient into the head holder. The absence of specific pressure points re duced the possibility of focal discomfort aft er long periods in the scafiftef.
To obtain MRI scans, the entire plexiglass head rest was removed and reattached at a fixed position on the MRI couch. Since patients do not generally have PET and MRI studies during the same session we did not attempt to move the subject between systems with the head holder still attached. Instead, the subject was remounted in the customized foam headholder on the MRI system. The clear impres sion of the subject's ears in the mold provided an obvious landmark that aided in this procedure.
In order to obtain slice registration between PET and MRI, a procedure similar to that of Te r-Pogos sian and coworkers (Ter-Pogossian et a1., 1982; Fox et aI., 1985) was developed for use with the PET scanner. Once the patient setup procedure was complete, a grid of thin radio-opaque rods set in a plexiglass sheet at a spacing of 10 mm was placed against the headrest and aligned so that the lowest rod was coincident with the laser line that identified the reference position of the scanner. This laser had been previously aligned with an anatomical base line marked on the subject's head. A film cassette . nderside of the cylinder. Also apparent is the impres sion m the foam of the subject's ear, which facilitates later repOSitioning. Ambient sound is muffled but subjects have no difficulty in responding to instructions and questions.
was mounted immediately behind the grid, and a lateral skull x-ray film was taken from the opposite side using a source-film distance of 100 cm. The re sultant image, shown in Fig. 2 , provided a refer ence frame for the location of the PET imaging planes.
On the MRI system, an 8-cm length of thin plastic tubing, filled with CUS04' was attached to the patient's head so as to be coincident with the reference line previously drawn. A pair of to-mm thick sagittal images were then taken, one brack eting the tubing and the other a midsagittal plane, as shown in Fig. 3 . Tr ansposition of the reference plane from the external landmark image to the mid sagittal image provided the baseline from which subsequent transverse MRI planes could be de fined, using the same slice positions as were used for the PET study.
The combination of the midsagittal image plus slice positions and the lateral skull x-ray film, after correction for small magnification differences be tween grid and skull, provided subsequent confir mation of the matched slice positions as follows. The skull was identified on MRI images as the ab sence of signal between scalp and dura. Using the region of interest software, bony landmarks (the glabella and inion), the brain contour, and the slice positions were drawn. This schematic, scaled to the same size as the x-ray image using the dimensions of the grid for reference, was then overlayed on the x-ray image so that the landmarks coincided, and the slice correspondence was verified.
As further confirmation of image registration, provided as an integral part of the image, a fiducial structure was added to the outside of the cylindrical plexiglass headrest, encompassing the axial field of view (Fig. 4 ). An N-shaped length of tubing, filled with a mixture of Ge-68 and CuS04, was folded around the outside of the cylinder so that the two arms of the figure were in the horizontal plane and directed along the axis of the cylinder. The middle portion described a helical locus from the upper end of one arm to the lower end of the other. A transverse image generated three spots around the brain so that the angular position of the central spot was linearly proportional to the axial distance of the image place from the base of N (Fig. 4) . This clock angle and a typical calibration curve for the whole field of view are shown in Fig. 4 . The axial dimension of the arms, corresponding to 180° travel of the central spot, was 120 mm. Tilting the image plane away from the vertical moves the central spot around its circular locus but, assuming equivalent setup and hence equivalent tilt in both PET and MRI, does not affect intermodality registration.
Regional neuroanatomical classification
To generate the template atlas, the MRI dataset from a 28-year-old male volunteer was selected.
J Cereb Blood Flow Metab, Vol. 8, No.4, 1988 This set was free of major asymmetries and exhib ited excellent contrast between grey and white matter areas, particularly for the deeper structures, and clear definition of the ventricles. The MRI planes were oriented at 4° to the AC-PC (anterior commissure-posterior commissure) line, being ele vated anteriorly. Previous studies (Tokunaga et aI., 1977; Ta kase et aI., 1977) have shown the AC-PC line to be a more accurate reference plane for ste reotactic mapping of the normal brain than the or bitomeatal (OM) or canthomeatal (CM) planes. Since the template atlas was intended to serve as a starting point for analysis, each template being cus tomized interactively for each patient image and possibly having to accommodate space-occupying lesions, there was no a priori reason to gather data from a large number of normal volunteers when constructing the atlas.
U sing standard neuroanatomical atlases for refer ence (Hanaway et al., 1980; Kretschmann and Weinrich, 1986; Ta lairach et aI., 1967; Matsui and Hirano, 1978) , a total of 56 distinct structures were identified in each hemisphere for inclusion in the computerized atlas. Each of these structures, listed in Ta ble 1, was outlined for every MRI plane on which it was present in each of the subjects. Larger structures, such as the cerebellum and the superior frontal gyrus, extended over many planes. This neuroanatomical classification scheme identified 
\ Image plane
The N-shaped tube structure is folded around the cylindrical ex ternal surface of the head-holder. A mixture of Ga-68 and copper sulfate is injected. B: Schemati cally viewed from above, the imaging plane cuts the N at three points, the central point defining a helical locus along the central arm as the axial position in creases. In the image, the elon gated central point follows a cir cular locus from one spot to the other. The larger distance of travel for the moving spot in this circular geometry compared with the more usual linear arrange ment helps to overcome the posi tioning limitations caused by poor PET resolution. C: Sche matic image defining the position of the three spots in the image that define the clock angle that increases with axial position of the imaged slice. The origin of the clock is midway between the two fixed spots. 0: Calibration curve showing the clock angle versus the axial position of the image. Angle in Degrees major cortical gyri and subcortical structures as well as white matter zones and subtentorial struc tures. In defining the cortical regions of interest ac cording to the underlying gyral organization, the classification scheme incorporated as far as pos sible the gyral segmentation common to all of the above atlases. Fine details of gyral structure were not included because individual variations are con siderable and because such fine structures are not resolved at typical PET resolutions. Gross changes in gyral shape are dealt with during the customizing procedure for each new subje ct or are handled during analysis by accepting pixel values above a lower threshold, effectively tailoring the region of intere st to the local structure (inasmuch as that structure is reflected in the functional map). Care was taken to maintain the axial continuity of each structure through adjacent atlas planes although the 6-mm separation of the present dataset did lead to sharp edge s in some areas. Functional neuroanatomical classifications were not explicitly included in the atlas, since a number of different nomenclatures and zoning schemes exist for different disciplines. The mapping of the structural components in the anatomical atlas into a required functional organization can be achieved by clustering individual regions of interest during statistical analysis of the raw measurements. The fa cility to add protocol-specific regions of interest to the templates allows flexibility of analysis within the anatomical framework of the atlas.
Region-of-interest manipulation
Region of interest descriptor file
The re gion of interest descriptor file is funda mental to the operation of the procedure. It con tains the coordinate and status information of every region of interest on every plane for a given study. The facility to add, subtract, or modify regions of interest on a plane or to change the number of ac tive planes is achieved through the organization of this file. The file is organized as a set of pages cor responding to the number of anatomical planes de scribed. The file header contains file-specific en tries, e.g., the total number of regions of interest and the total number of planes. Each subsequent block contains information for one region of in terest that can be updated at will. Each region of interest descriptor consists of a set of node points around the region of interest contour. The user de fines each new re gion of interest by specifying these nodes on the brain image. The use of a limited number of nodes instead of recording all pixels around the region of interest border greatly reduces (e.g., tumor or stroke), their pathological classifica tion (e.g., tumor rim, epileptic focus, or peri-in farct), and their location as ipsilateral/contralateral to the lesion site.
Image analysis
When adapting a region of interest template, the first step is to select the region of interest template that provided the best match to the MRI image after suitable scaling, rotation, and translation. To account for orientation differences between the image and the region of interest atlas, the template may be built up by selecting a subset of regions of interest from a number of adjacent atlas slices, each of which can be separately scaled to account for any linear distortion caused by the oblique angula tion. Finer operations, such as individual regions of interest relocation or redrawing, are then carried out to further refine the template. Usually these operations are performed on only one hemisphere and then the half-template is reflected across the mid-line. Final adjustments to account for hemi spheric asymmetries or to add an arbitrary number of free or user-defined regions are then performed. Hemispheric asymmetries, including real anatom ical differences and differences caused by imperfect alignment of the brain in the imaging plane, are dealt with by manual region of interest definition or deletion. The whole procedure takes at most 5 min and usually much less time per slice. The corre sponding PET slice is called up, global translation or rotation is applied as needed, and the functional values are read off and written to disk. In order to further refine the matching of the region of interest template to the functional image, a percentile threshold may be used such that, after ordering the pixels by functional value, the lower N% of the pixels within the region of interest is omitted, where N is the selected threshold level.
The program passes results to a database manip ulation and statistics package. Regional values from normals and various protocols are stored according to their master slice/region ID or their particular pa thology classification within a specific protocol. Regions of interest are grouped within the database into the 56 distinct anatomical structures (Table 1) , any of which may extend over a number of planes. In general, the functional value obtained for each structure is the area-weighted average for all re gions of interest included in that structure. For any particular analysis protocol, these structures can be further clustered into larger anatomical zones as re quired. In this way, the regional analysis can be tai lored to address the particular question at hand while preserving the information in the raw region of interest measurements for any subsequent re analysis with a modified clustering scheme.
Interobserver variability
In order to quantify the influence of the above methodology on PET image analysis, a group of in vestigators were asked to define a set of structures in the dataset shown in Fig. 5 using (a) PET images only, or (b) MRI images plus the region of interest atlas followed by global mapping of each template on to its PET image. This dataset was not the one used to generate the region of interest atlas, being markedly asymmetric in places as well as being dif ferent in size and scan orientation from the atlas dataset. The investigators, all trained in neuro anatomy and not previously familiar with the tem plate procedure, were provided with neuroana tomical reference texts for both methods. For method a, they were asked to outline regions of in terest in each hemisphere for each of the 25 struc tures, placing multiple regions of interest for struc tures extending over more than one plane. For method b, each investigator fitted an atlas template of his choosing to each MRI image, using the ad justment tools described above, before selecting a global transformation to map the fitted template onto the PET data. For each structure, the area weighted values from all contributing regions of in terest were used to generate a volumetrically aver aged CMRGlc. Calculations were performed at lower thresholds of 0 and 20%, and the group mean and group coefficient of variation were determined for each structure. Figure 5 illustrates one of the MRI-PET correla tion sets obtained from a normal volunteer using the FDG method for the PET study. Note that the brain is slightly skewed within the cranial vault such that a slight left-right asymmetry is apparent in image 2 where the slice grazes the temporal lobe. This asymmetry is also present in the corre sponding MRI slice, emphasizing the accuracy of the axial registration between the two datasets. In general the MRI set displays very good distinction between grey and white matter, and the shape and location of the subcortical structures are readily discerned.
RESULTS
Master set
The master region of interest set and a matched MRI dataset are shown in Fig. 6 (16 of 18 slices) . All regions of interest appear as paired regions, one in each hemisphere. Local hemispheric asymme tries within any brain being studied are dealt with using the methods outlined earlier. The position and thickness of the MRI slices are also shown on the mid-sagittal image in Fig. 6A . Figure 7 shows the effect of applying a threshold such that pixels with values below the threshold are discarded from the averaging procedure. Results are shown for a series of thresholds using regions of interest defined both from the MRI scans and from the PET images. Corresponding curves for basal ganglia structures were not significantly different from the cortex curves. As the threshold is in creased, both MRI-based and PET-based regions of interest yield higher functional values with the PET-based values always higher than those from the MRI-based set. At a 0 threshold, cortical struc tures were on average 8.2% higher using PET-de fined regions of interest compared with MRI-based regions of interest, while at 40% the difference was 4.2%. Similar behavior was observed with cere bellum, brain stem, and basal ganglia categories. In contrast, white matter structures were 8.2% lower with PET-based regions of interest at a 0 threshold and 9.1 % lower at a 40% threshold.
Thresholding
Sample pathology studies Figure 8 illustrates the application of the method to a multifunctional PET study of an ischemic in- 8.1 ± 3.6 4.0 ± 2.6 3.4 ± 2.6
Using manual approach with PET (method A) compared with the template approach using no lower functional threshold (BO) or a 20% threshold (B20). Coefficient of variation is calculated for five investigators. For each structure the volume average across planes was taken to represent the functional value.
FIG. 5.
Sample MRI-PET correlation set in a normal volunteer: 16 of 18 slices collected from the Therascan 3128 PET scanner and a Phillips Gyroscan 1.5 Tesla MRI system. Slices are separated by 6 mm. Note the asymmetry in the temporal area region of images 2-4, which is apparent on both PET and MRI modalities.
farct. The interpretation of the PET images was considerably easier with the aid of the anatomical template obtained from the corresponding MRI image, particularly the relatively featureless and noisy oxygen extraction fraction (OEP) image. The increased size of the CB V image is largely a result of the presence of extracerebral vasculature; note that the location of the sagittal sinus is immediately below and between the occipital lobes. The identi fication of the physical extent of the infarct is facili tated by a precise knowledge of location of the cor tical boundary. Figure 9 illustrates the necessity for exact ana tomical information in the study of degenerative diseases of the basal ganglia. On the MRI image, the caudate nucleus exhibits minimal atrophy whereas the PET image shows a marked depression of CMRGlc and provides minimal information on the precise location of that structure.
Interobserver variability
Ta ble 2 lists the coefficient of variation among five investigators for the CMRGlc in each of 25 neuroanatomical structures using either manual or template definition of the regions of interest on the dataset shown in Fig. 5 . The structures were se lected as a representative subset of all 56 atlas structures to minimize the demands made on the investigators, particularly during the manual proce dure. For the manual method, the lower percentile threshold was set at 0 so that all selected pixels were included in the CMRGlc calculation. For the Figure 10 plots the CMRG1c for all structures in each case. As ex pected from Fig. 7 , the MRI-based regions of in terest yield values 4-8% lower than the manually drawn regions of interest when no thresholds are applied. Applying a 20% lower threshold with the MRI-based regions of interest raised the profile to a level within 1% of the PET-based profile. The mean coefficient of variation for all structures using the template method is 4.0% at a 0 threshold and 3.4% at a 20% threshold, a factor of more than 2 lower than the 8.1% coefficient of variation found within the manual approach.
DISCUSSION
The quantitative analysis of PET images in terms of underlying anatomy is a nontrivial task given the anatomical variation in normal brain, the distortion caused by space-occupying lesions and atrophy, the pitfalls of attempting to interpret a functional PET image in anatomical terms, the poor resolution of the PET image, and the difficulties of ensuring matched planes from different imaging modalities. As the questions addressed become increasingly focused on subtle metabolic changes in smaller structures (Horwitz et aI., 1984; Clarke et aI., 1985; Moeller et aI., 1987) , the precise localization of these structures becomes of critical importance.
Structures that have a linear extent in any dimen sion less than two or three times the resolution (expressed as full-width at half maximum (FWHM) for the line spread function) of the scanner in that dimension will yield a reduced PET signal (Hoffman et aI., 1979 (Hoffman et aI., , 1982 Kessler et aI., 1984) .
Since the axial resolution of ring-geometry PET scanners is degraded at the periphery of the field of view, small structures may exhibit artifactually lowered functional measurements when located near the edge of the image instead of at the center. Further, this attenuated signal represents an upper limit since the signal from a small structure is in fluenced by its axial position in the slice, i.e., the partial volume effect (Hoffman et aI., 1979) . The fraction of the true signal obtained is equal to that proportion of the area of the axial line spread func tion covered by the structure (Hoffman et al., 1982) . Assuming a triangular axial line spread func tion with a FWHM of 10 mm, a structure having an axial extent of 10 mm covers 75% of the area when centered but only 50% when shifted axially by 5 mm, a drop of 33% in apparent signal. With an axial FWHM of 5 mm, the signal falls from 100%, when centered, to 50%, when shifted axially by 5 mm. Many test-retest paradigms seek to measure changes at the 10-20% level; hence, such localiza tion errors must be dealt with by precise, reproduc ible positioning and accurate anatomical localiza tion. While the loss in signal due to partial volume effects is a fundamental characteristic of the imaging device, an exact knowledge of the shape and position of brain structures in the imaging plane offers the possibility of correcting, to some degree, this apparent signal for such recovery losses (Maz ziotta et aI., 1981).
Previous work Fox et al. (1985) developed a stereotactic meth odology in which no structural tomographic image was required. In this approach, the PET coordinate frame, defined by axial slice position (Z) and the pixel address (X, Y), is transformed into a stereo tactic coordinate frame defined relative to the pa tient's AC-PC line. This line is estimated from the glabella-inion line, as determined by a lateral x-ray film and the distance of the glabella-inio n line to the vertex of the skull. An orthogonal coordinate system is then established with Y along the AC-PC line in the anterior-posterior direction, Z along the vertex line, and X in the transverse direction. This method assumes that all cerebral morphometric variation can be accounted for by employing pro portional coordinates, scaling each dimension ac cording to the skull size in that dimension. This leads to difficulties when local morphometric varia tion does not conform to this model, especially for basal ganglia bordering the ventricles. For two ex ample structures, the cavernous sinus and the vi sually responsive cortex, the standard deviation of FIG. 8 . Sample region of interest template for a multifunctional study in stroke. In this case of ischemic infarction, the top set of images show the typical appearance of PET images for CBF, OEF, CBV, CMR02, and CMRGlc in such cases plus the corre sponding MRI anatomical image. The lower set shows the same data with a region of interest template derived from the atlas and customized to this slice. A free region was also defined to indicate the infarction site using a combination of the MRI and PET data to define the physical and functional limits of the infarct. The presence of the template on the CBV image clearly shows the extent of volume averaging for structures near the sagittal sinus and the internal cerebral vein. CBV values from such structures can be automatically excluded from subsequent analysis.
positioning errors observed with this method in the Y and Z directions averaged 5.6 mm and 5.0 mm (Fox et aI., 1985) . For studies of Huntington's dis ease and Parkinson's disease, it is essential to iden tify the exact size and position of the head of the caudate nucleus and to distinguish it from the adja cent ventricle. Positional errors of the order of 5 mm make this a discouraging undertaking, particu larly considering the quantitative recovery errors discussed above in relation to placement errors. In Fig. 9 , an MRI image is shown with a region of interest placed over the head of the caudate nu cleus. Displacement of this region of interest by 5 mm could place the region of interest substantially into the adjacent ventricle. While such errors are unlikely when analyzing a functionally intact struc ture, the correct localization of a functionally de pressed caudate is extremely difficult without a matched structural image.
Hemispheric asymmetries are common (Wada et aI., 1975; Galaburda et aI., 1978; Chui and Da masio, 1980) , particularly the enlargement of the left occipital lobe and right frontal pole (petalia) in right-handed subjects (Le May and Kido, 1978) . While the use of proportional coordinate system may account for these common asymmetries by using an asymmetric stereotactic atlas, any indi vidual variations from this mean asymmetry are not discernible without a personalized structural tomographic image. Finally, the method is not designed to deal with gross structural distortions caused by space-filling lesions such as tumors, cysts, and in farcts or by cortical atrophy.
Other approaches have used a standardized re gion of interest atlas similar to that used in the present study. Bajcsy et al. (1983) used a two-stage procedure that first decomposed an image into sa lient features such as edges and intersections before fitting it with a deformable region of interest tem plate. The fitting procedure was itself composed of two steps: a global rotation, translation, and scaling step, which is equivalent to the method of Fox et aI. (1985) , and a deformation step, which adjusts the template to match local features in an iterative pro cedure. This approach is well able to handle normal variations, but the authors state that it is specifi cally not designed to account for abnormal struc tures such as tumors, abscesses, strokes, and hem orrhages. While this approach is objective, it is computationally expensive and somewhat depen dent on the presence of ventricles in the image. In our interactive approach (Evans et aI., 1987), we sacrificed some objectivity by requiring the investi gator to match the template to the MRI image and to manually adjust individual regions of interest as necessary to obtain a satisfactory match. The inter active approaches does, however, allow for greater flexibility in dealing with pathological tissue and its effect on neighboring regions. This was also the ap proach adopted by Herholz and colleagues (Her holz et aI., 1985; Heiss et aI., 1986) . In their sys tem, each region of interest must be called up and processed separately. With the arrival of a new gen eration of scanners having 15 to 21 imaging planes, the practical considerations of speed of analysis and disk space overhead become limiting factors. The present approach is designed to manipulate en tire region of interest templates as well as to allow local restructuring in a rapid fashion with all infor mation from one study being stored in one region of interest data file. Bohm et aI. (1983 Bohm et aI. ( , 1985 devel oped an atlas system similar to that described here. Their entire template atlas could be manipulated with global transformations of scale, rotation, and translation, but individual regions were not sepa rately moveable. As such, the method is also a pro portional coordinate approach although the authors planned to develop an elastic deformation proce dure similar to that of Bajcsy et aI. (1983) . Finally, Mazziotta et ai. (1983) developed a PET-based re gion of interest atlas procedure for neurobehavioral studies in which regions were identified as a hierar chical system for subsequent statistical analysis.
Present work
In the present work, matched MRI-PET slices were obtained with an MRI-PET compatible head holder and a head-immobilizing foam mold. This technique is useful for obtaining reproducible posi tioning for serial PET studies conducted over months or years. In a sample of 44 repositioning measurements, the offset was measured between a reference line on each patient's head after being re seated in the foam mold and the original position of the line, identified by laser. With no attempt to ad just the subject's head position to obtain corre spondence, the mean offset was 0.1 ± 1.6 mm with a mean absolute offset of 1.2 mm while the mean orientation error was 0.1 ± 1.2°. The mean offset and orientation errors of close to zero indicate no preferred direction for the errors. The angulation error translates into a 1.5-2-mm offset error at the cortical rim and is therefore potentially more se rious than the offset error directly measured, par ticularly for scanners having an axial resolution below 10 mm. These considerations only apply to long-term repositioning, since if the reference line is still marked then the repositioning of the subject is essentially exact.
The methodology of slice selection on the PET and MRI scanners at our institution are quite dif ferent, and careful planning is needed to obtain slice concordance. If the PET study is done first, it may be possible in certain cases to forego the cor relative setup procedure on MRI, collect an MRI dataset that covers the entire brain, and reslice the imaged volume to obtain PET-matched planes, using a fiducial arrangement that identifies matching points in each volume (Martin et al., 1987) . This approach spares the subject (and inves tigator) the rigors of an extended setup procedure and guarantees slice registration at the expense of computational overhead and potential disk space limitations. Pelizzari et aI. (1987) have adopted a similar approach in which the external surface of the skull, defined from the MRI (or CT) images and from the transmission images during the PET study, are used to obtain the 3D coordinate transformation required for image registration.
The use of structural images for anatomical local ization has been questioned (Fox et aI., 1985) be cause of a lack of delineation between cortical zones or between white matter and deep nuclei. Differentiation between grey matter and white matter can be a problem with CT images but, as evidenced by Figs. 5,6, and 9, the MRI images ex hibit excellent structural distinction. In addition, the region of interest template provides a ready framework for the interpretation of the MRI image so that the size, shape, and relative position of a fixed set of regions of interest are constrained within narrow limits. Insofar as the mapping can be achieved by simple global scaling and translation of the template, the method is implicitly a propor tional coordinate approach. The extra information available from the MRI image allows for local ad justment and, if necessary, the redefinition of some regions of interest to take account of individual morphometric variation while adhering to a stan dardized anatomical description of the brain.
Recently, Mountz et al. (1987) compared an MRI-based approach with neuroanatomical local ization with the stereotactic approach and con cluded that the MRI method, when applied with proper image registration, was superior in local izing a limited set of small central structures. In particular, the determination of the Y coordinate was two to three times more accurate using the MRI method.
Thresholds
In applying the MRI-based regions of interest to the PET data, a characteristic discrepancy was ob served in which the MRI -based cortical regions of interest were displaced outward by 2 mm from a position symmetrically disposed about the cortical rim as apparent on the PET image. A scale reduc tion of 2-3% was therefore needed to place MRI-based regions of interest over the cortical rim as seen by PET. The separation of the fiducial spots (Fig. 4) at the periphery of the image on PET and MRI are within 1% of each other, and measure ments of the dimensions of an MRI calibration phantom indicate negligible distortion through the central portion of the MRI imaging field, elimi nating the possibility of significant geometric arti facts (Drangova, 1987) . The discrepancy was attrib uted to (a) the lack of an explicit correction for the increased attenuation in the adjacent skull which tended to displace the apparent cortical rim inward and (b) resolution smearing in which the presence of functionally active white matter on the medial side of the cortical rim weighted the apparent cor tical response inward. In addition, the cortical rim appeared on PET to be thinner in the radial direc tion than the depth of gyral convolutions apparent on MRl. Hence, MRI-based regions of interest were generally larger than was apaprent from the PET images and included adjacent pixels with lower values. These systematic differences resulted in somewhat lower CMRGlc values for the MRI based region of interest set. As shown in Figs. 7 and lOA, systematic differences could be largely removed by choosing a percentile threshold 20% higher for the MRI set than for the PET set. The lack of significant difference between the curves for basal ganglia (including thalamus) and cortex is consistent with the findings of Strother et al. (1985) for the scanner resolution used in this work.
The use of thresholding produces a higher value by definition at the expense of a smaller, possibly discontinuous, pixel sample within the true anatom ical border. The pixels selected will be different from one type of functional map to another. This may lead to inconsistencies when, for instance, comparing blood flow and oxygen extraction data if the higher flow pixels are compared with a different set of extraction pixels, which would also have a higher average value than the entire pixel set. The use of thresholding exaggerated the difference be tween MRI-and PET-based regional values for white matter structures, the PET set being 8.2% lower at a 0 threshold and 9.1 % lower at a 40% threshold. Owing to the lack of contrast between white matter and adjacent ventricle on the PET images, the PET values for white matter were arti ficially low. These PET -based regions of interest were also drawn so as to avoid higher activity in adjacent grey-matter areas. The use of a threshold accentuated the influence of this higher activity zone on the MRI-based white matter regions. Hence, for these situations, the use of only a lower threshold is debatable. The use of an upper threshold would mitigate these inconsistencies and may also help in the quantification of hypofunc tional areas such as infarcts. However, the applica tion of variable thresholds for different structures does introduce a further level of complexity into an already difficult problem.
Interobserver variability
The close agreement in Fig. lOA between the mean functional profiles for the manual and tem plate methods, particularly when a 20% threshold is employed with the template method, indicate no major differences between the two methods in ab solute values obtained. The results shown in Table  2 indicate that the template method yields a greater than twofold improvement in the coefficient of vari ation for interobserver variability compared with manual methods when averaged across a set of 25 typical neuroanatomical structures of interest. This result was obtained in a situation designed to mini mize interobserver variability for the manual ap proach using PET data. Measurements were aver aged over all planes containing any given structure, diluting the impact of any one error in region of in terest placement. Also, FDG studies of normal re gional glucose utilization contain the highest degree of correlation with underlying anatomy among the commonly employed PET techniques. The compar atively long half-life and short positron range of the F -18 label allow the accumulation of higher counting statistics at a lower intrinsic resolution than most other PET labels. The metabolic trapping of the label over the extended 40-min uptake period yields a relatively unchanging physiological state during the scan. Such anatomical cues are less ap parent in bolus 0-15 studies, kinetic studies, and receptor imaging situations. Gross cerebral pathol ogies such as tumors and infarcts tend to introduce major disruptions of the normal functional distribu tion, further reducing the anatomical information in the PET data. Hence, the above results represent a lower limit on the extent to which the use of the template approach reduces interobserver variability in the typical PET analysis laboratory. On the other hand, insofar as most PET projects within one center have only one or two people performing the region of interest analysis, these results are prob ably an overestimate of intraobserver variability for one set of patient data. Also, other sources of vari ability, such as true physiological variation and methodological bias (plasma counting errors, plasma-brain timing errors, etc.) are not addressed in this discussion. With these competing caveats, the impact of a twofold improvement in coefficient of variation can be illustrated by the following ex ample. Consider a control group and a test group, each containing five subjects, with mean functional levels of 40 and 44 units, respectively, and standard deviations of 3.2 units (8% of control). The means are different at the p < 0.05 level. Reducing the co efficient of variation to 4% lowers the significance level to p < 0.01. To observe such a 10% difference at this significance level at an 8% coefficient of variation would require a sample of 20 subjects in both groups.
Areas of concern
Time
A potential criticism of the me thodology de scribed here is the length of time involved in the data acquisition and analysis. Patient setup takes a maximum of 30 min for each modality. The PET study, including setup and equilibration times, re quires 2-3 h while the corresponding MRI study takes 40-60 min. The extra time required during patient setup constitutes a small percentage of the total time spent in the PET suite. The need for a separate MRI study is a major overhead, but this must be set against the increase in information. It may be possible to apply the template approach successfully using the transmission images col lected during the PET study for the purposes of at tenuation correction. An excellent match of ana tomical and functional slices, in terms of both posi tion and slice thickness, as well as the time saving would be gained at the expense of poor spatial and contrast resolution in the structural image.
Number of regions of interest
The large number of regions of interest (434) de fined in 18 planes in the atlas may seem intimi dating at first. However, due to the mUltiple occur rences of the same structure on adjacent slices, these regions of interest correspond to only 56 sep arate structures in each hemisphere, in agreement with various neuroanatomical atlases and regions used by other investigators. For example, Roland et al. (1987) recently published data from 47 brain structures derived from a computerized atlas (B ohm et aI., 1985) . These regions of interest were defined functionally on PET images. Since we used MRI images to define the present atlas, the superior spatial resolution allowed us to identify white matter and midbrain structures in more detail, re sulting in more structures.
The purpose of the atlas is not to overburden the investigaton with irrelevant information, but to pro vide an anatomical framework with which to locate the desired structure on the PET image and to offer a permanent record of the analysis for later recall. The user may take as much or as little of the atlas as is required for the task at hand and need not be concerned with slices or structures other than the one currently being displayed.
Intermodality slice consistency
The collection of tomographic images from both PET and MRI scanners involves the averaging of the true signal from a finite axial extent. The sensi tivity of the scanner over the axial dimension of the slice, expressed as the axial line spread function, is in general different for MRI and for PET, and smaller structures may yield incompatible signals from the two systems, especially when located near the edge of the line spread function. An operational means of minimizing these inconsistencies is to choose a slice width for the MRI image acquisition that is comparable with the slice average for the PET system so that partial volume errors are sim ilar. A more elaborate treatment would be to collect the MRI data at the highest possible axial resolu tion and then synthesize a PET-equivalent MRI slice by weighting the MRI signal according to the PET axial line spread function. However, neither of these alternatives overcome the fundamental objec tions that MRI yields a weighted average of struc ture while PET yields a weighted average of func tion and that the underlying signal modulation in the axial direction cannot be restored except by finer axial resolution and axial sampling. Practical considerations of acquisition time, immobilization, and physiological stability limit axial resolution to about 2 mm for MRI and about 6 mm for PET. Ana tomical sampling at 2-mm intervals will allow a smoother transition between adjacent region of in terest planes and offers the potential for the con struction of a volume of interest atlas. We have al ready collected one whole-brain MRI set at 2.S-mm axial resolution and are currently investigating parametric surface representations of neuroana tomical structures with this dataset.
Atlas orientation
The methodology described here requires that MRI and PET planes be scanned at an orientation that is the same or close to that of the master region of interest atlas. While it is possible to generate tilted region of interest planes by combining the an terior and posterior portions of existing planes, this is not a practical or desirable approach for anatom ical planes oriented more than 2_30 away from the original region of interest planes. This limitation can be partially overcome by the use of a set of atlases for the commonly used orientations (orb ito meatal, canthomeatal, AC-PC, and temporal plane) at a finer axial sampling than the 6 mm used for this work. The most satisfactory long-term solution will be to develop a single volume of interest atlas that may be sliced at any orientation and slice separa tion to generate the required planar region of in terest templates. Such an atlas will require an axial sampling of 2 mm or better to allow an adequate characterization of the surface of each volume of J Cereb Blood Flow Metab, Vol. 8, No.4, 1988 interest and will require carefully constructed soft ware if it is to be used in a general PET environ ment rather than a dedicated image-processing lab oratory. Fitting of this atlas to individual brains may be done as now by fitting individual 2D tem plates to individual planes or more formally by matching the entire volume of interest set to the MRI volume according to some deformation crite rion (B ajcsy et aI., 1983) . While the latter approach is more objective and elegant, it remains to be seen whether such a computationally expensive ap proach would be applicable for routine analysis in a PET laboratory. A suitable compromise may be to apply only scaling, translation, and 3D rotational transformations to the volume of interest atlas (equivalent to the stereotactic method) and leave the local adjustments to interactive analysis as de scribed in this work.
Atrophy
In cases of gross anatomical distortion and/or at rophy, the region of interest atlas may be of limited utility with a large number of regions of interest in need of redefinition. It may be possible to quantify the extent of atrophy within a region of interest by histogram analysis of the MRI image but, in gen eral, such studies will always require considerable manual analysis. The interactive approach de scribed above allows for such problems to be ad dressed by direct consideration of the abnormal anatomy underlying the apparent PET value.
Subjectivity
The methods described here seek to take advan tage of the pattern-recognition qualities of the human eye with noisy, low-contrast anatomical images while adhering to a predefined framework for anatomical mapping. The extent to which inves tigator bias will affect the results is a matter of some concern. However, as pointed out by Clark in Mazziotta and Koslow (1987) , objectivity should be considered as the correctness and reproducibility of a method, regardless of whether human decision making is involved or not. Rigidity of analysis that does not allow for patient variation is not a satisfac tory form of objectivity. The data in Table 2 and Fig. 10 demonstrate a greater than twofold im provement in interobserver variability using the methodology described here compared with a manual approach.
Quantification workshops
In a recent position paper, summarizing the re sults of a set of workshops held to review the present status of data analysis techniques in PET, Mazziotta and Koslow (1987) identified a set of cri-teria with which to assess the optimal procedure for functional image analysis. The methodology dis cussed here was developed in large measure ac cording to those criteria. The use of a standard MRI-based region of interest as a starting point for an individual region of interest dataset that can then be saved ensures reproducibility (criterion 1), ana tomical accuracy (2), and independence from tracer used (3) and from PET scanner resolution (4). The facility for individual adjustment according to local structural variation while adhering to common defi nition of anatomical classification implies that fixed assumptions of normal anatomy are not required (7). The use of a customized reusable foam mold provides a high degree of patient tolerance (8) and excellent repositioning for serial studies of the same patient (9). As 3D imaging becomes increas ingly used, the method will naturally develop into the mapping of a 3D volume of interest atlas into MRI volumes for subsequent analysis of PET image volumes (0). The simplicity and flexibility of the adjustable region of interest atlas approach, which does not require sophisticated deformation algorithms to attain a suitable correspondence be tween region of interest template and MRI , is equally applicable in clinical and research settings (12) and was designed to allow whole pages of re gion of interest templates to be manipulated at once for rapid analysis (13). The method may be criti cized because of the need for an expensive (1), an cillary (6) imaging device for anatomical informa tion. The impact of this requirement will depend on the availability of such a device. With the current growth rate of the MRI imaging modality in diag nostic radiology, the prospects in this area are en couraging.
